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Estimation of Mechanical Properties from Gated
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Abstract—A significant challenge in diagnosing cardiac disease = Mechanical properties of the myocardium are an important
is determining the viability of myocardial tissue when evaluating indicator of viable myocardial tissue and of congestive heart
the prognosis of vascular bypass surgery. A finite-element mechan- ¢4;,re |n particular, knowing the mechanical properties of the

ical model of the left ventricular myocardium was developed to dial ti helo in det . iabl dial
evaluate mechanical properties of the myocardium, which is an myocardial issueé can help in determining viable myocardia

important indicator of viable myocardial tissue and of several as- tissue when evaluating the prognosis of vascular bypass surgery.
pects of congestive heart failure. The model of the heart muscle me- Reliable measurements of the mechanical properties of myocar-
chanics was derived from the passive and active behavior of skeletal dial tissue are difficult to obtain sinax vivouniaxial and bi-
muscle, which is considered to be a quasi-incompressible trans- 5yia| axperiments performed on sections of myocardial tissue

versely isotropic hyperelastic material of a specified helical fiber - ts of th hanical ties that
structure configuration. Contraction of the myocardium was repli- can give measurements of the mechanical properties that are

cated by simulating active contractions along the helical fibers, different from the properties of the intact myocardium. Also, it
then solving (quasi-statically) for the associated boundary valued has been found that measurements taken using different loading
problem at a sequence of time steps between end-diastole and endprotocols generally derive different results [3]. Because of these
systole of the cardiac cycle. At each time step, the finite-element g e rimental limitations, various mechanical models of the left

software package ABAQUS was used to determine the deformation tricle h b devel dtoi tioate th " f
of the left ventricle, which was loaded by intraventricular pressure. ventricle have been developed to Investigate the properties o

An ellipsoidal and a cylindrical model of the left ventricle were de-  the intact myocardium and fiber orientation [15]-[17]. These
veloped under both passive loading and active contraction. Param- mechanical models were used to estimate the mechanical prop-

eters that describe the material properties of the myocardium were - erties of the myocardium utilizing the measured motion of the
estimated for the cylindrical model by fitting the radial motion de- left ventricle

scribed by the model to gated SPECT and cine MRI data. We found H finite-el t del of the th di . | (3-D
that the estimation was sensitive to the measurement of the motion. ere, "_i Inite-elemen mF’ elorthe re_e- '_mens'ona (3-D)
Results from the finite-element analysis were compared to those deformation of the left ventricular myocardium is developed and

from a purely mathematical description of the cylindrical model.  used to simulate the motion of the midventricle during a car-
Index Terms—Cine MRI, finite element, gated cardiac SPECT, diac cycle. A cylindrical geometry is assumed for the midven-
left ventricle mechanical model, myocardial mechanical proper- tricular section of the left ventricle in the finite-element anal-
ties. ysis. Though an ellipsoidal model can better predict the correct
twisting, a cylindrical model can provide adequate information
about the radial motion [17]. Overall, a cylindrical model pro-
vides a good approximation of the midventricular section of the
N THE past few decades, numerous mechanical modelsieft ventricle and gives a good approximation for the radial mo-
the left ventricle have been developed [1]-[14]. In devetion of the midventricular section. We will concentrate on that
oping those models, assumptions were usually made abouttégion in this paper.
geometry, fiber orientation, and constitutive equations. Then theThe material model of the myocardium is based upon the
boundary valued problem is solved, from which the motion décal mechanical properties of the myocardium and the geomet-
the left ventricle can be predicted and compared with actugtal configuration of its helical fiber structure. The constitu-
data. Utilizing that data, an evaluation can be made about & equation defining the myocardium is derived from the pas-
accuracy of the original assumptions. The most challenging tasi#e and active behavior of skeletal muscle, which is considered
is finding the correct constitutive equation for the myocardiungo be a quasi-incompressible transversely isotropic hyperelastic
material [18]. The myocardial muscle and skeletal muscle have
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needs that require immediate supply of oxygen and substratevidgrere

its metabolic machinery. Mechanically, the most important dif- U/;  strain-energy density for the isotropic material matrix;

ference is the resting tension [19]. Overall, a similar mechanicall;  strain-energy density for the fiber structures;

model of a quasi-incompressible transversely isotropic hypere/;  strain-energy density for the related volume change.

lastic material can be used. However, the differences betweemhe material constants, b, ¢, and A depend on the mate-

cardiac and skeletal muscle must be considered. rial specimen and the loading protocol. Generally, an increase
The contraction of the myocardium is replicated by simun b andc increases the stiffness of the isotropic matrix, while

lating active contraction along the helical fibers, then solvingn increase iM anda similarly increases the stiffness of the

(quasi-statically) for the associated boundary value problemfiditer family. The determinanf of the deformation gradiert’

a sequence of time steps between end-diastole and end-syssodgjual to one for an incompressible material. (However, in the

of the cardiac cycle. At each time step, the finite-element softrite-element implementation] is not constrained to exactly

ware package ABAQUSIs used to determine the deformatiorone, which sometimes is called “nearly incompressibl@.;)

of the left ventricle which is loaded by intraventricular pressurglenotes the fiber stretch ratio afd is the first invariant of the
First, we define the constitutive properties that are assumgght Cauchy—Green tens@¥ = FZF. The short bar distin-

in our mechanical model of the myocardium. A mathematicgliishes these quantities from their actual values by associating

cylindrical model of the midventricular region of the my-them with the normalized deformation gradient tensor instead

ocardium, based upon the work of Gucciatel.[17], is then  of the actual deformation gradient tensor.

developed using these constitutive properties. The materialthe Cauchy stress tensercan be calculated from the strain

constants for the passive myocardium are estimated frafRergy as

MRI data using the mathematical model. The finite-element

implementation of the cylindrical model is then presented using 11, ,(.— 2 o~ 1

the finite-element software package ABAQUS. A parameter © ~ J {Ul <2B B 3‘71 I) +UAr(n©n)) — 5)‘f1

that describes the extent of the active contraction is estimated | ¢/ (5)
for the contracting left ventricle from both MRI and SPECT

data by using ABAQUS where® denotes the tensor produd. is the normalized left

Cauchy—Green tensor, which equals
Il. CONSTITUTIVE EQUATION

-2/ p - - ppT
Here, constitutive equations are presented for a mechanical J B=J FE ®)

model of the left ventricle of the myocardium. It is shown that .

the expression for passive loading can be modified to incluéfivéth I denoting the defqrmau_on g.radlent.tensons the unit
active contraction. véctor along the current fiber direction, which can be calculated

from the undeformed fiber directialV by

A. Passive Loading VN

n=J /3 7)

An important step in defining a mechanical model of a ma-
terial is the specification of the stress-strain relationship. These
relationships are denoted as the constitutive properties of thds the second-order unit tensor. The following gives the
material. For a hyperelastic material, its mechanical propemyeaning of the derivatives in (5):
is uniquely determined by its strain-energy density. From the

Ag

,_ 9Ur

strain-energy density, the stress-strain relationship can be cal- Up = —& (8)
culated. ol

A nearly incompressible version of Humphrey and Yin's ,  O0U;
model [3] for passive myocardial behavior is proposed. Based re ﬁ ©)
on histological observations, they assumed that certain soft U,
tissues consisted of various noninteracting families of densely U, = 57 (20)

distributed thin hyperelastic extensible fibers and a homo-
geneous matrix. The strain-energy density (energy per unit
volume) can be described as B. Active Contraction

The constitutive model developed by Martiesal. [4] for
active behavior of skeletal muscles is applied. The model ex-
tends Humphrey and Yin's model [3] by incorporating Hill's
model [20] of active contraction for a one-dimensional segment

+C of muscle fiber in order to derive a three-dimensional model
Ur= C{eXp(b(Ii B 3))2_ 1 (2) of active contraction for myocardial tissue. Using Hill's model
Uy = Afexp(a(As = 1)7) — 1} () [20], a similar expression to that in (1) for the strain-energy
U, = i(,] —1)? (4) density is derived through the introduction of a nondimensional
quantityé“F, which is proportional to the strain of the contrac-
1Hibbitt, Karlsson & Sorensen, Inc., Pawtucket, RI. tile element. This quantity is used as a time-varying input for

U = U(T0) + Us(hg) + Uy () )

wherelJ is the strain-energy density, which is the sum of
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the model of active contraction. The total strain-energy densityie normalized left Cauchy—Green tensor is

per unit volume is given by 9
o (o 0
OR “"\oR

=C ~ ) - -\ 2
U=UrIy) +Up(A,€55) + Us(J) (1) B=B= |, (o (ar)? + (7_) +(Br)* Apr
dR R
wherel/; (A, £F) is the modified strain-energy density for the 0 ABr A?
fiber structures and is defined in [18]. (16)

Neglecting external body forces and inertial effects, the quasi-
lll. M ATHEMATICAL CYLINDRICAL MODEL static equilibrium equation i¥ - ¢ = 0. Note that the compo-
For a complicated material model with a transmurally varyingents of the Cauchy stress tensor in these cylindrical coordinates
fiber angle, an analytical solution defining the deformation dPr this axisymmetric deformation are functionsrcdlone. The
the left ventricle is difficult to obtain. Simplifications of the €9uilibrium equation can be expressed by the following system

kinematics must be made to reduce the problem to solving’gdifferential equations in terms of the components of the stress
few integral equations. The closest thing to an analytical soltgNSor:

tion was presented by Guccioreal.[17]. They proposed that Ao, O — Oge

a cylindrical model be used to represent the midventricular re- dr + r =0 (17a)
gion of the left ventricle. In their model, simplifications of the doye 20,0

geometry (a cylinder) and its kinematics were made so that the “dr . 0 (17b)
parameters describing the deformation could be solved numer- doy.  Op. 0 170)
ically. dr r

In their model, a cylindrically symmetric deformation (inﬂa'lntegrating (17b) and (17c) gives
tion, stretch, torsion, azimuthal, and axial shear) was then pre-
scribed to simulate the effects of passive loading and active con- P20 = 11006 rer (18)
traction. The strain energy used in their model was quite com-
plicated and difficult to implement into ABAQUS. In our cylin-
drical model, we utilized the kinematic assumptions from Guc- Since there are no shear forces acting upon the inner and outer
cione’s model. The cylindrically symmetric deformation of thaurfaces of the cylinder, (18) and (19) will be satisfied automat-
left ventricle was composed of inflation, stretch, torsion, andally on these surfaces. Integrating (17a) gives
azimuthal shear. The current coordinates of the p@int, z) -
are related to its undeformed coordinafés ©, Z) by the fol- Ty = / 709 — vt g 4 o F (20)
lowing equations: o "

TOpz = T1 0—1‘z|1’:1’1 . (19)

Since we treat the cylinder as having closed ends, the net axial

force is
r= /(B — R)/A++3 (12) .
— . . 2
0=0+pBZ+aR (13) NZ—QW/T 7o dr — Pori = 0. (21)
z=AZ. (14)

Here P is the intraventricular pressure.

The parametera, 3, A, andr; describe azimuthal shear, tor- Similarly, the resulting torsm_mal momept around thexis
of the shear forces on the ending planes is

sion, stretch, and deformed inner radius, respectively. They are
assumed to be constant and can be calculated by solving the
quasi-static equilibrium equatio¥w - « = 0. To calculate the
Cauchy stress, we must know the strain-energy density _ )
and deformation gradiedt. The constitutive equations (1) and 10 Solve (20)—(22) simultaneously, the following sum of
(5) are used for describing the myocardial behavior for passi§@uares is minimized:
loading and for active contraction. From (12)—(14), the defor- < < /r op — O | ))2

Tprp S—

M, = 27r/ rlog.dr = 0. (22)
T

mation gradient tensor is obtained with the following matrix of —————dr + o)y
components in cylindrical coordinates: 2 ! )
+ <27r/ rodr — P7r7’f)
or 1 or ar or " 2
5 Bas 1o — 0 0 72
85% 1;%%(2 aaze OR + <27r / T%QZdT) . (23)
=|"98 ®oe "pz| | ® |
dz 192 Oz 0 0\ Here the Simplex method [21] was used to minimize (23).
O9R ROO oz We will use this mathematical cylindrical model to estimate the

(15) passive material properties from MRI data in Section VI.
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IV. FINITE-ELEMENT CYLINDRICAL MODEL

In the mathematical cylindrical model described above, the
calculation of the deformation gradient tensor was performed
after simplifications had been made to the kinematics. This re-
duced the differential equilibrium equatién - & = 0 to three
integral equations [(20)—(22)]. For a more accurate solution to
the equilibrium equatioVV - ¢ = 0, the finite-element method
should be used.

In the finite-element method, the material region of the T
problem is divided into many small elements with node points. _
In our application, the nodal displacements are the primary 3R/ undeformed
variables. For a nonnodal point in an element, its displacement 1
is calculated by interpolating between the nodal displacements
of the element. The deformation gradient tensor is caIcuIated
numerically for each point as a function of the dlsplacementég
of the nodal points.

The software package ABAQUS was used for the finite-ele-
ment implementation of the cylindrical model of the equatorial
region of the left ventricle. ABAQUS is a standard finite-ele-
ment software package that has a user-defined material subrou-
tine that enables users to define their own material models. In
the user-defined subroutine, the Cauchy stress tensod the
spatial elasticity tensab = 8o /9= (¢ is the strain) are calcu-
lated for each Gaussian point. Gaussian points subdivide each
finite-element into a mesh of points used for numerical calcu-
lation. Since the fiber direction changes when the left ventricle 0.0¢758 790 1.20 730
deforms, the fiber orientation is also updated at each calcula- )‘f
tion. In the following section, several examples that were used
to test the implementation of passive and active material mod§'§ 2.
are presented.

Mesh used to test the implementation of Humphrey and Yin’s model.
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Comparison of the stress along the fiber direction calculated by
QUS with theoretical values.

V. NUMERICAL EXAMPLES

A. Example 1: Humphrey and Yin’s Model Applied to a Cube
with Passive Loading

To verify the implementation of Humphrey and Yin's consti-
tutive model in ABAQUS, we used a unit length cube (Fig. 1) <
consisting of eight nodes. The cube is stretched along the fibe NN
direction parallel to the 1-axis and a rigid body rotation is per- -
formed simultaneously around one edge. Since the displaceme Lg
of each node is prescribed, the deformation gradient tensor
known and can be used to calculate the theoretical value of tr
stress along the fiber direction. This theoretical value is com
pared with the ABAQUS results (Fig. 2).

[ T7] /=X

B. Example 2: Humphrey and Yin's Model Applied to a |
Cylindrical Model of the Heart with Passive Loading

After being validated with the cube, the constitutive model
was applied to the cylindrical model of the heart's equatoria
region. The mesh used for the cylindrical model is shown ir —|
Fig. 3. Helical fiber angles were assumed to vary linearly from /
60° at the endocardium te-60° at the epicardium [4], [22]. It
is assumed that the cylinder is fixed at one end so that effectVé 3
stretching pressure will be applied to the opposite end of the
cylinder when the pressure load is applied inside the cavity. Thel) Comparison with the Mathematical Cylindrical
following three studies were performed using the cylindricélodel: Results using ABAQUS were compared to the
model. mathematical cylindrical model proposed by Guccienal.

Mesh used for the cylindrical model of the heart.
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TABLE | TABLE I
COMPARISON OFABAQUS ReSULTS WITH CALCULATIONS FROM THE RESULTS FORSPECIMEN #1 UNDER DIFFERENT LOADING PROTOCOLS
MATHEMATICAL CYLINDRICAL MODEL. (r1: INNER RADIUS, 3: TWIST, (P = 0.6 kPa)
¢ = A — 1: ELONGATION OF THE CYLINDER)
E11/E3p Tl (cm) & B
P Mathemetical ABAQUS 1.28 1.76 7.6E-4 1.7E-4
3.80 1.76 4.6E-4 1.5E-$
kPa) | Ty (cm) | € B " (em) | € B
0 1.720 0 0 1.720 0 0 TABLE Il
COMPARISON OFABAQUS RESULTS WITH MRI MEASUREMENTS AT
0.2 1.745 6.4E-4 | 1.0E-6 | 1.734 2.3E-4 | 8.3E-5 END-DIASTOLE
0.6 1.796 24E-3 | 2.7E-5 1.761 9.8E-4 | 2.4E-4 1 (cm) rp (cm)
1.2 1.863 55E-3 | L4E4 | 1.799 27E-3 | 43E-4 Calculated Measured Calculated Measured
1.81 1.91£0.10 2.81 2.84 £0.10

(see Table I). Both the mathematical model and the finite-el- The endocardial and epicardial radii were measured from the
ement model used the same constitutive properties applied\iR| data at isovolumetric relaxation after end-systole. Regions
Humphrey and Yin's modek = 12.43, b = 23.46, A = 5.84  ofinterest (ROIs) enclosing the LV cavity and myocardium were

g/(cn?), andc = 3.87 g/(cn¥). The results did not compare ashen drawn. The software SPECTERas used to calculate the

well at high pressure (for example, 1.2 kPa) as they did at Ig¥yclosed areas, from which the endocardial and epicardial radii
pressure. Itis hypothesized that the finite-element method p{gere estimated by

vides a better representation of the deformation because more

assumptions about the kinematics and boundary conditions are . jarea
: o . S radius= 4/ —. (24)

required when specifying the mathematical cylindrical model. T

2)_ Evaluate the Model _U’nder Different Loa_dlng Proto- The process of determining the calculated endocardial (r1)
cols: In Humphrey and Yin's paper [3], specimens from

different hearts were tested under biaxial loading that usgad epicardial (r2) radii involved assuming an intraventricular

various protocols. The best fit material parameters, A, and pressure of 0.6 kPa and then changing the material parame-
¢ depend on both the specimen and the loading protocol. IEGSFS until ABAQL.JS progluced a deformation that gave endocar-

example, for specimen #1, the material constants ar234.2, ial and epicardial radii that were cl_ose to that of _the measur_(_ad
b— 19'1(;’ A = 0.9536 g/(émz), ande = 5.475 gl(cn?) under values from the MRI data. Table Ill gives the best fit for the radii

a protocol that keeps the strain ratio between thand y for‘l'tr:f ;n ?teeerlzlefliog‘etﬁfSrsj“i?evgl’clljbezvgétween those calculated
loading directions during the testBt; / F»»> = 1.28. However, 9

ih ocing ool s changes 5, — 50 e st Y 1€ £ tlod a e mescured ates ot et e
fitting parameters are = 607.6, b = 31.28, A = 0.007 844 P

g/(cm?), andc = 3.43 g/(cn?). The two sets of parameterscase'

were implemented into the finite-element cylindrical modeh Example 3: Martin’s Model—An Extension of Humphrey
separately. The results are presented in Table II. Itis interestiagy vin's Model Including Active Contraction

to note that the loading protocols with different values for - . . . .
E11/Esy did not significantly affect the deformation of the Martin’s mpdel of active contraction was te;teq using a cyllr!—
heart. drical bar [Fig. 4(a)] subjected to various activation and inacti-

3) Determining Material Parameters Using MRI Data atvation protocols. The material parameters were different than

End-Diastole: To match the measurements from a set of MF@hosf used in Example 25" = 0.6688 g/(cn¥), ¢ = 8.21 x
data, different specimens from Humphrey and Yin's papaP "~ 9/(cn), andb = 1.79. Inthe model for active contraction,
were tested. The results in Table Il obtained from specimdlie Parameters andA are replaced by the varialdlg”’, which
#2 in their paper approximately matched cine MRI data Qpnotes the stiffness of the fiber stru<_:ture_z. These values of ma-
end-diastole. The mechanical properties for this specimen wifgal constants were applied to an ellipsoidal model of the heart
o = 382.8,b = 11.89, A = 0.026 49 g/(cm?), ande = 0.6151  USINg ABAQUS (Fig. 5). The mplemgntqtlon involved passive
g/(crr). Iogdlng of 2 kPa followed by an activation of ¥ = —5%

The MRI data presented in Table 11l were acquired on a 1.5[F19- 4(b)l- The heart underwent simultaneous contraction and
Eclipse MRI scanneér using a sequence that acquired 266 twisting during the simulation of the cardiac cycle.
128 images at ten different phases of the cardiac cycle. The se-
quence parameters were: TE 2.7 ms, bandwidth 31.3 kHz, flip/!- EXPERIMENTAL RESULTS—HITTING MRI AND SPECT
angle 38, slice thickness 5 mm, and field-of-view 22.5 cm. The DATA TO THE MECHANICAL MODEL
sequence acquired two averages of four image phase encodinggeally, the image data should provide us with all of the in-
for each cardiac phase. formation about the properties of the mechanical model. For ex-

2Marconi Medical Systems, Cleveland, OH. 3Copyright 1998 Duke University.
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Fig. 4. The (a) geometry, (b) loading protocol, and (c) results validating Martin’s model.
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Fig. 5. An ellipsoidal heart model at (a) end-diastole and (b) end-systole.

and outer radius can be measured during every time frame. As-
suming that the material properties, fiber structure, and loading
pressure inside the left ventricle are known, we can optimize
in a least squares sense the extent of active contraction. This is
done by fitting the measured motion of a midventricular section
of the left ventricle to the motion specified by the mechanical
model.

A. Methods

1) Motion Derived from MRI and SPECT Datdn Fig. 7,
the endocardial and epicardial radii of a midventricular section
of the left ventricle is measured over the entire cardiac cycle.
For the MRI data, the inner and outer radii in Fig. 7 were cal-

ample, from 3-D tagged MRI data [23] or from image warpingulated as described in Section V-B3. For the SPECT data, we
[24], 3-D strain maps can be constructed. Even for SPECT datiaew ROIs by setting an activity threshold for the myocardium.

it is possible to estimate twisting [25]-[30]. By applying thes8oth methods were tested using an MCAT phantom, and strong
strain maps to the forward mechanical model, we can fit one agreement with known simulated values was obtained.

more parameters that describe the fiber structure, material propThe intermediate frames a and b between the measured
erties, or loading. At present, we do not use fully constructédhmes 1 and 2 are introduced to simulate the isovolumetric
strain maps. Instead, we fit the radial motion of a midventricontraction state. Frames c, d, and e between measured frames
ular section of the left ventricular wall to a cylindrical mechan4 and 5 are introduced to simulate the relaxation process. To
ical model. From gated SPECT or MRI data (Fig. 6), the innenake the seven frames of the MRI data and the eight frames
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Time Frame Over A Cardiac Cycle

Fig. 8. The assumed intraventricular pressure-time curve over a cardiac cycle.
a—e are intermediate frames.

the stiffness of the fiber structure. The fiber angle is assumed to
vary linearly along the radial direction across a short slice of the
left ventricle wall from 60 at the endocardium te-60° at the
epicardium [4], [22].

(b) The values ob, ¢, and7 were estimated assuming passive
Fig. 6. (a) Seven-frame 1-D tagged MRI data and (b) eight-frame gatbhavior of the mechanical modé{¥ = 0). First, Humphrey
SPECT data for the same patient. and Yin's model [3] was assumed to model the passive be-
havior of the myocardium. The material properties established
5.0 T in their model were implemented into the mathematical cylin-
drical model [17]. The best set of material parameters from a
E o402 90—y eed® °  ° | table of values in their paper that best predicts the deformation
= a ok of the LV when compared with the MRI data was then chosen.
“.?_ In the next step, we used the mathematical cylindrical model
53 30 :: ggg(,T to compare Martin’s material model with Humphrey and Yin's
2 ' material model. For a range of loading pressures, we calculated
E sot 1 the deformations predicted by the mathematical cylindrical
5 rl model for both materials and tried to estimate the values of
£ ¢, and T in Martin’s model that minimizes the difference
10072 3 4 5 6 7 8 between the total strain energies of the two material models

for all loading states. Utilizing this method, we calculated

the optimum values of, ¢, and7? to beb = 9.43 g/(cn¥),

Fig. 7. Fitting the midventricular region of the LV to a cylinder, the inner an¢ = 0.920 g/(cn¥), and 7! = 7.09 x 10=2 g/(cn¥). These

outer radii are calculated over a cardiac cycle for both MRI data (circle) a%rameters were then used in the material model of (11) The

gated SPECT data (triangle). . - OR . )
extent of active contractiof~* was then estimated from both

ated SPECT and cine MRI data by using this material model

of the gated SPECT data comparable, it was determined g with the assumption that the contraction throughout the
averaging the fourth and fifth frames of the gated SPECT da{giire left ventricle wall was uniform.

into one frame gave frames at comparable time points for seven
frames over the cardiac cycle.

2) Pressure—Time Curve Used in the Analys&ince the in-
traventricular pressure was not measured over a cardiac cyclel) Fitting of MRI and Gated SPECT Data to the Mathemat-
a standard pressure—time curve (Fig. 8) is used in all analysesl Cylindrical Model: Fig. 9 shows estimates of the active
[31]. contraction parametei“® over the cardiac cycle based upon

3) Material Model: The mechanical model developed bygated SPECT and cine MRI data. The material deformation de-
Martins et al. [18] is assumed to represent the left ventriclescribed above for the mathematical cylindrical model was as-
This model defines a transversely isotropic, nearly incorsumed. The MRI and SPECT estimates of the extent of active
pressible, hyperelastic material with an adjustable parametentraction are based on different measurements of the epicar-
£CF that determines the extent of the active contraction. Tlikal and endocardial radii throughout the cardiac cycle.
energy-strain density function is given in (11). Large differences in the extent of active contraction between

In addition to¢“'F and the local fiber angle, three parameterthe two data sets can be observed at systole in Fig. 9, which is
b, ¢, andT@! describe the material property. Parametemadc  presumably the result of the smaller value of r1 at time frame 4
describe the stiffness of the material matrix, whilff describes for MRI compared with SPECT in Fig. 7.

Time Frame Over A Cardiac Cycle

B. Results
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Fig. 9. The absolute value @f¥, which describes the extent of the active

contraction, is calculated over a cardiac cycle by applying the mathematical
cylindrical model to the MRI data (circle) and SPECT data (triangle).

0.20
Sup

0.15
Fig. 11. Finite-element meshes generated from gated SPECT data. (Top)

0.10 End-diastole and (bottom) end-systole.

0.05f The mechanical model is helpful for describing the deforma-
tion of the left ventricle. Usually a single imaging modality such

0.00t1 as gated SPECT cannot provide information about twist and
shear strains. If the material properties and boundary conditions

0 1 2 3 4 5 6 7 8 for a mechanical model of the left ventricle are known, then mo-

Time Frame Over A Cardiac Cycle tion can be determined better. In this sense, a mechanical model

can provide additional information about the motion of the left

Fig. 10. The extent of active contraction fitted to MRI data. The absolute valygntricle. On the other hand, if the strain map of the left ven-
of £“F, which describes the extent of the active contraction, is calculated o

a cardiac cycle by applying the mathematical cylindrical model (circle) and t\ﬁe[(‘\'le,IS a\,/allable from other sources (SUCh as 3'D tagged M.Rl
finite-element model (triangle). imaging, image warping method, etc.), the material properties
of the myocardium can also be obtained by fitting the deforma-

- - tion of the left ventricle to the known strain map.
2) Fitting of MRI Data to the Finite-Element ModelThe

same material properties were implemented into a finite-ele- 1 '€ mathematical cylindrical model was used to estimate the
ment model by using ABAQUS. To fit the motion of the lefP@SSive material properues.of the myocardium from MRI data.
ventricle wall derived from MRI dat&CF is adjusted at each 1€ measured values provided by Humphrey [3] were chosen
frame. The results are compared with results obtained using #ft PY one and tested to see which one gave the best fit values.
mathematical cylindrical model shown in Fig. 10. An alternatlve_ appro_ach_ is to perform a_least squares f_|t using
the mathematical cylindrical model to estimate the material con-
stants. One problem may be that the results are very sensitive to
the input values of the radii at end-diastole. Table Il illustrates
Cylindrical mathematical and finite-element mechanicdhis sensitivity. Within the measurement accuracy, the motions
models of the left ventricle have been presented. Both of thdse two sets of material parameters were nearly the same. This
models were fit to gated SPECT and cine MRI data. In fittingjustrates the sensitivity of the estimation of the activation pa-
the mathematical cylindrical model to image data, passivametert“¥ at end-systole (Fig. 9).
material properties were obtained. The parameter that describeln future work, it will be important to develop more realistic
the extent of the active contraction was determined by fittingeometries of the left ventricle for the mechanical model that is
the imaging data to a mathematical model and an finite-elemdinto imaging data. Also, in this paper we did not include ini-
model that also included active contraction. tial stresses in our model. If a heart is sliced, it will spring open,
Finite-element analysis is a good tool for modeling the mevhich is proof of the existence of initial stresses in the unde-
chanics of the left ventricle. It can manage complex geometriggmed state [17]. For a nonlinear material like the myocardium,
and boundary conditions. Complex material properties can alsgk of knowledge about initial stresses may cause subtle errors
be implemented into the model. Compared to the mathematigathe estimation of its deformation. The correction of the effect
cylindrical model, which requires many assumptions about tleéinitial stresses may be a difficult problem since it is nonuni-

kinematics and boundary conditions, the finite-element methémm over the left ventricle and may vary significantly from pa-
provides more accurate results. tient to patient.

VII. DISCUSSION
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VIIl. FUTURE WORK [11]

Future work will involve using more realistic finite-element
meshes derived from the imaging data. We are developing
algorithms to automatically generate finite-element meshes,
from gated SPECT data (see Fig. 11). The use of image-derived
meshes should provide both the ability to track the deformation
of the left ventricle locally and the ability to fit the motion to [13
the deformation locally. We also propose to fit the motion of
the left ventricle to a map of the deformation derived from 3-D[14]
tagged MRI data or image warping data to obtain estimates
of material properties of the myocardium. We will attempt to
include the initial stresses in the model. Finally, we propose tdL5]
introduce electrical propagation into the finite-element model.

In that case, the changing 6f'” over time and space may be
described physiologically, which will lead to a real-time model. [16]
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